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I would be most grateful if you would consider the uploaded manuscript 
entitled “Interrogating chemical variation via layer-by-layer SERS during 
biofouling and cleaning of nanofiltration membranes with further 
investigations into cleaning efficiency” for publication in Water Research. 
This original work has been submitted exclusively to this journal. All authors 
have seen and approved the submitted version of this manuscript. 
 
The understanding of biofouling and the process of eliminating this problem in 
membranes for water reclamation remains significantly limited. To address 
how to clean biofouling of nanofiltration membranes for wastewater 
reclamation more efficiently, we applied surface-enhanced Raman 
spectroscopy (SERS) as an in situ and layer-by-layer tool to interrogate 
chemical variation of biofouling during both formation and cleaning processes. 
This approach reveals only the surface composition of biofouling (i.e., the site 
directly exposed to cleaning) and makes SERS ideal for evaluating the 
cleaning process and efficiency. It not only allows us to lend new insights into 
the temporal and spatial composition of biofouling in the form of chemical 
composition and infrastructure, but also determine the response of the 
biofouled membrane to a typical cleaning reagent. We believe that this 
mechanistic analytical tool is potentially translatable to a diverse number of 
situations, including the industrial workplace. As such, it could significantly 
improve our treatment of membranes for biofouling. We believe that this will 
be of significant interest to a wide audience of people working in this area. 
 
The manuscript has been prepared according to the Guide to Authors. We 
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Periodic chemical cleaning is an essential step to maintain nanofiltration (NF) 17 
membrane performance and mitigate biofouling, a major impediment in high-quality 18 
water reclamation from wastewater effluent. To target the important issue of how to 19 
clean and control biofouling more efficiently, this study developed surface-enhanced 20 
Raman spectroscopy (SERS) as a layer-by-layer tool to interrogate the chemical 21 
variations during both biofouling and cleaning processes. The fact that SERS only 22 
reveals information on the surface composition of biofouling directly exposed to 23 
cleaning reagents makes it ideal for evaluating cleaning processes and efficiency. 24 
SERS features were highly distinct and consistent with different biofouling stages 25 
(bacterial adhesion, rapid growth, mature and aged) of biofilm. Cleaning was 26 
performed on two levels of biofouling after 18 h (rapid growth of biofilm) and 48 h 27 
(aged biofilm) development. An opposing profile of SERS bands between biofouling 28 
and cleaning was observed and this suggests a layer-by-layer cleaning mode. In 29 
addition, further dynamic biochemical and infrastructural changes were demonstrated 30 
to occur in the more severe 48-h biofouling, resulting in the easier removal of sessile 31 
cells from the NF membrane. Biofouling substance-dependent cleaning efficiency was 32 
also evaluated using the surfactant sodium dodecyl sulfate (SDS). SDS appeared more 33 
efficient in cleaning lipid than polysaccharide and DNA. Protein and DNA were the 34 
predominant residual substances (irreversible fouling) on NF membrane leading to 35 
permanent flux loss. The chemical information revealed by layer-by-layer SERS will 36 
lend new insights into the optimization of cleaning reagents and protocols for 37 
practical membrane processes. 38 
Keywords: biofouling; biofilm; chemical composition; cleaning efficiency; 39 
nanofiltration membrane; surface-enhanced Raman spectroscopy 40 
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1. Introduction 41 
Water scarcity and strict regulations for the disposal of secondary wastewater effluent 42 
generates an urgent need for reclamation of this resource, especially in industrial 43 
processes requiring high consumption and wastewater generation (Bes-Pia et al., 44 
2010). Nanofiltration (NF) has been widely utilized as a technology for high-quality 45 
water reclamation from wastewater effluent in industries, such as textiles, pulp and 46 
paper mill (Bes-Pia et al., 2010, Gonder et al., 2011, Judd and Jefferson, 2003). 47 
However, fouling is a major impediment in wastewater reclamation. Fouling causes a 48 
decline in permeate flux, requires frequent chemical cleaning, shortens membrane 49 
lifespan, and therefore significantly increases the operational cost of NF membrane 50 
plants (Guo et al., 2012). 51 
The major types of membrane fouling include scaling (Zhang et al., 2012a), 52 
organic matter (Liu et al., 2012, Yao et al., 2010), colloidal (Tung et al., 2012) and 53 
biofouling (Al-Juboori and Yusaf, 2012, Baek et al., 2011, Chen et al., 2015, Sim et al., 54 
2013, Zhang et al., 2012b). Amongst these, biofouling, caused by undesired microbial 55 
attachment and subsequent bioflim development onto the membrane surface, is the 56 
most prevalent and problematic fouling type (Flemming, 2002). Biofouling easily 57 
occurs, but is hard to eradicate, because bacteria are ubiquitous in wastewater effluent 58 
and tiny amounts of initial bacterial contamination on membranes can form a mature 59 
biofilm. Additionally, relative abundance of nutrients on membrane surfaces rather 60 
than bulk feed and the convective permeate flow also facilitates biofilm growth 61 
(Flemming et al., 1997). The typical biofouling (biofilm) structure is a microbial 62 
community with bacteria embedded into the self-produced matrix of extracellular 63 
polymeric substances (EPS). EPS are biopolymer mixtures mainly composed of 64 
protein, nucleic acids, polysaccharide and lipid, and account for 90% of the dry mass 65 
4 
 
in most biofilms (Flemming and Wingender, 2010). EPS not only induce declines in 66 
permeate flux by increasing hydraulic resistance to permeate flow (Herzberg and 67 
Elimelech, 2007, Herzberg et al., 2009). They also act as a protective barrier to 68 
diffusion by retarding the adequate delivery of disinfection and cleaning agents to the 69 
embedded microorganisms (Nguyen et al., 2012), thus rendering such membrane 70 
cleaning less effective. 71 
Periodic chemical cleaning and disinfection are essential steps in maintaining 72 
membrane performance (Li and Elimelech, 2004). Various chemical cleaning reagents, 73 
biocides and disinfectants, have been developed to control and reduce biofilm growth 74 
(Huang et al., 2009a, Liikanen et al., 2002, Mendret et al., 2009, Nguyen et al., 2012). 75 
The large consumption of cleaning reagents and accompanying energy costs impose a 76 
large economic burden on the operation of membrane plants. However, biofilm matrix 77 
has a complex chemical composition which varies dynamically with many factors 78 
such as development stages, nutrient supply, hydraulics and bacterial species (Chao 79 
and Zhang, 2012, Flemming and Wingender, 2010, Houari et al., 2010, Ivleva et al., 80 
2010). For instance, more dead cells were observed in a mature and aged reverse 81 
osmosis biofouling compared to early stage (Herzberg and Elimelech, 2007). Storage 82 
time of biofouled NF membranes was found to affect both the membrane permeability 83 
and cleaning efficiency (Houari et al., 2009). Degradation of EPS by extracellular 84 
enzymes was reported to occur extensively in biofilms in order to self-supply carbon 85 
and energy sources (Flemming and Wingender, 2010). These observations suggest 86 
dramatic chemical variations in biofouling during formation and cleaning processes. A 87 
deeper understanding of biofouling composition and dynamic changes can greatly 88 
benefit the adoption of appropriate cleaning reagents and effective cleaning protocols. 89 
Given the fact that cleaning reagents mainly interact with the surface chemicals of 90 
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biofouling, a tool capable of layer-by-layer interrogation of chemical composition is 91 
therefore required to investigate the cleaning mechanism and biofouling 92 
substance-dependent cleaning efficiency. 93 
Confocal laser scanning microscopy (CLSM) is widely used in biofilm studies. 94 
CLSM can characterize the three-dimensional structure of biofilm and quantify the 95 
biovolume of bacteria and EPS by staining biofilm with different fluorescent probes 96 
(Yuan et al., 2015). Nevertheless, because of the complexity of EPS compositions and 97 
a broad fluorescence spectrum, CLSM cannot achieve high specificity for structural 98 
analysis. Raman spectroscopy provides whole-organism fingerprint information with 99 
all related biomolecules (nucleic acids, protein, lipid, polysaccharides and their 100 
metabolites) displaying distinct spectral features, and thus has been utilized to study 101 
the chemical heterogeneity of biofilms (Andrews et al., 2010, Ivleva et al., 2009, 102 
Sandt et al., 2007, Wagner et al., 2009). However, application of Raman spectroscopy 103 
for biofouling on NF membrane has two challenges: 1) very weak signal (one Raman 104 
photon out of 10
8
 incident photons) and thus low detection sensitivity; and, 2) 105 
interference of Raman bands from membrane materials. Surface-enhanced Raman 106 
spectroscopy (SERS) has been developed for biofilms studies due to its 107 
ultra-sensitivity, even down to single molecule levels (Kneipp et al., 2008), relying on 108 




 over normal Raman 109 
scattering provided by silver and gold nanoparticles (Ag NPs and Au NPs). Raman 110 
signals of molecules adsorbed or in close proximity to these NPs can be greatly 111 
enhanced. This short-distance enhancement effect of SERS can thus exclude 112 
membrane interferences, and more importantly, ensure revelation of chemicals only 113 
on the surface layer of biofouling. SERS has been successfully applied to study 114 
chemical composition and distribution on mature biofilms (Ivleva et al., 2009, Ivleva 115 
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et al., 2010), chemical variation during biofilm formation from initial attachment to 116 
mature biofilm (Chao and Zhang, 2012), dynamic evolution of microbial structure 117 
during biofilm development on cellulose membranes (Chen et al., 2015), and protein 118 
fouling on PVDF membranes (Cui et al., 2011). However, the biofilm cultivation 119 
conditions in previous investigations (i.e., under static or flow-cell cultivation and/or 120 
on glass slides) were far removed from that of real membrane biofouling on 121 
commercial membranes under pressure-driven crossflow filtration. Moreover, only 122 
biofilm formation processes were addressed, largely ignoring the key cleaning process. 123 
Considering the differences of biofouling chemical composition between formation 124 
and cleaning processes, the biofouling variation during the cleaning process requires 125 
more attention. Outcomes will contribute to the selection of cost-effective cleaning 126 
reagents and protocols. 127 
To target chemical variation of membrane biofouling and the important issue of 128 
how to clean biofouling more efficiently, this work developed a crossflow membrane 129 
filtration system to simulate wastewater reclamation using commercial DOW NF90 130 
membranes, synthetic wastewater effluent and a model bacterial strain. A 131 
layer-by-layer SERS tool was employed to interrogate the chemical variations during 132 
both the biofouling and cleaning processes. Biocompatible Au NPs were used for 133 
SERS acquisition to eliminate possible artifacts caused by microbial toxicity of Ag 134 
NPs (Chao and Zhang, 2012, Cui et al., 2013, Cui et al., 2015, Ivleva et al., 2010). 135 
Dynamic chemical and infrastructural changes within biofouled membranes and their 136 
effects on cleaning processes were studied. Biofouling substance-dependent cleaning 137 
efficiency and the persistent chemicals contributing to the permanent flux loss were 138 
also evaluated. These studies are important towards our understanding of the cleaning 139 
process and factors affecting cleaning efficiency. 140 
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2. Materials and methods 141 
2.1 Synthetic wastewater effluent and model bacterial strain 142 
An enriched synthetic wastewater effluent was used for NF membrane biofouling 143 
development in a crossflow filtration system, based on the secondary effluent quality 144 
of a wastewater treatment plant with high-rate biological processes (Herzberg and 145 
Elimelech, 2007). Its composition included: 341 mg/L sodium citrate, 61 mg/L 146 
KH2PO4, 42 mg/L NaHCO3, 117 mg/L NaCl, 148 mg/L MgSO4·7H2O, 50 mg/L 147 
NH4Cl and 1:1000 diluted Luria Bertani (LB) broth in deionized water (Herzberg and 148 
Elimelech, 2007). LB broth was prepared by adding 10 g tryptone (Oxoid Ltd., 149 
England), 5 g yeast extract (Oxoid Ltd., England) and 10 g NaCl into 1 L deionized 150 
water. Unless otherwise stated, all chemicals were purchased from Sinopharm 151 
Chemical Reagent Co., Ltd, China. LB broth and synthetic wastewater effluent were 152 
sterilized at 121C for 30 min before use. 153 
Brevundimonas diminuta is a gram-negative rod-shaped bacterium belonging to 154 
phyla Proteobacteria; it is found in abundance within biofilms in membrane filtration 155 
systems (Kwon et al., 2011). After overnight cultivation in LB broth at 37 C and 180 156 
rpm, B. diminuta reached the later exponential phase with a final optical density 157 
(OD600) of 1.0 and concentration of 10
9
 CFU (colony forming unit)/mL. After 158 
centrifugation at 7,000 rpm for 5 min, B. diminuta pellets were re-suspended in 159 
synthetic wastewater effluent and used as inoculum in the crossflow filtration system. 160 
2.2 NF membrane and crossflow test unit 161 
A commercial Dow FilmTec
TM
 NF90 polyamide thin film composite nanofiltration 162 
membrane was used for biofouling experiments and purchased from Ande Membrane 163 
Separation Technology & Engineering (Beijing) Co., Ltd, China. NF90 membrane 164 
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was cut into pieces approximating 42 cm
2
 (9.0274.572 cm) so as to be mounted into 165 
the CF042 crossflow cell (Sterlitech Co., USA), and stored in 1.5% NaHSO3 solution 166 
for at least one month to wet the membrane, recover flux and prevent bacterial growth 167 
prior to filtration. 168 
A laboratory-scale crossflow filtration system was used for biofouling 169 
experiments (Fig. 1). The system comprised of five CF042 crossflow cells (Sterlitech 170 
Co., USA) positioned in a cascade configuration. A branch path was designed for each 171 
cell. To switch the feed water from membrane cell to branch path, two valves 172 
controlling the inlet and outlet of membrane cell, and one valve controlling the branch 173 
path were employed. Such a design can effectively facilitate the termination of one or 174 
several membrane cells without disturbing the whole filtration system. The active 175 
dimensions of the cell were 9.0274.5720.230 cm (lengthwidthheight). The 176 
wastewater effluent was stored in a double-layer cylindrical feed tank and pumped by 177 
a high-pressure pump (Hydra-Cell, Wanner Engineering Inc. USA). By circulating 178 
chilled water throughout the outer layer of the feed tank, the operation temperature 179 
was kept at approximately 30C. A back-pressure regulator and a bypass valve 180 
allowed the fine control of 0.5 MPa transmembrane pressure and 8 cm/s crossflow 181 
velocity. The retentate flow rate was monitored by a floating disk rotameter. The 182 
permeate flux from five membrane cells was recorded every 2 h by an electronic scale. 183 
Both permeate and retentate flow were recirculated back to the feed tank. 184 
2.3 Biofouling process 185 
Prior to NF membrane insertion and biofouling process, the whole system was 186 
thoroughly disinfected and cleaned according to Herzberg (2007). The baseline 187 
performance of NF membrane was obtained by filtrating 3.6 L sterile deionized water 188 
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at the designed pressure and flow velocity above. After reaching a stable flux of 41 189 
L/m
2
/h, the deionized water was replaced by 4.0 L synthetic wastewater effluent (no 190 
LB and NH4Cl), supplemented with an aliquot of 4 mL B. diminuta suspension to 191 
achieve a final bacterial count of 10
6
 CFU/mL. After recirculation in the system for 2 192 
h, allowing bacterial adhesion on the NF membrane, the system was replaced with 193 
sterile fresh synthetic wastewater effluent to promote biofilm development. Permeate 194 
flow was collected and measured every 2 h to monitor flux change. Filtration in each 195 
membrane cell was terminated at 4 (F-4), 10 (F-10), 14 (F-14), 26 (F-26), 48 (F-48) 196 
hours, respectively, by switching the feed flow from the membrane cell to branch path. 197 
NF membrane was then taken out, gently rinsed by sterile deionized water to remove 198 
suspended bacteria, and finally kept at 4C before analysis. 199 
2.4 Cleaning process and cleaning efficiency calculation 200 
After 18 h and 48 h biofouling development, synthetic wastewater effluent was 201 
discharged and replaced with 0.025% sodium dodecyl sulfate (SDS) at pH 12.0. 202 
Cleaning was performed by recirculating SDS solution at a flow velocity of 48 cm/s 203 
without pressure. To maintain a stable cleaning performance, SDS was refreshed 204 
every 10 min in the first 30 min, and every 30 min afterwards. The cleaning was 205 
terminated by switching the feed flow to branch path, at 0.5 h, 1 h, 3 h for 18 h 206 
biofouling (F-18/C-0.5, F-18/C-1 and F-18/C-3), or 0.5 h, 1 h, 4 h for 48 h biofouling 207 
(F-48/C-0.5, F-48/C-1 and F-48/C-4), respectively, until the water flux recovery ratio 208 
achieved 90%. The cleaning efficiency was evaluated by the water flux recovery ratio 209 
between the membrane after cleaning and before cleaning. 210 
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2.5 SERS analysis 211 
2.5.1 Au NPs synthesis 212 
Oval-shaped Au NPs (120 nm at long axis) were prepared (Frens, 1973). Briefly, 100 213 
mL of 0.01% (wt/vol) HAuCl4 aqueous solution was heated to boiling under vigorous 214 
stirring, followed by the immediate addition of 0.6 mL 1% (wt/vol) trisodium citrate 215 
solution, and kept at boiling point for approximately 1 h. The as-prepared Au NPs 216 
were proven to be biocompatible, and their SEM image and size distributions have 217 
been previously described (Cui et al., 2013, Cui et al., 2015). Au NPs were washed 218 
once by ultrapure water (Millipore, USA) and concentrated through centrifugation at 219 
3,000 rpm for 5 min (Eppendorf centrifuge 5430R, Germany). The supernatant was 220 
discarded, and the concentrated precipitate was collected for SERS sample 221 
preparation. 222 
2.5.2 SERS measurements 223 
The biofouled NF90 membrane wafer (6 mm, diameter) was cut out from the middle 224 
of each biofouled membrane (42 cm
2
) using a hole puncher. An equal volume of 20 225 
L concentrated Au NPs was dropped on the surface of the membrane wafer and left 226 
to air-dry. SERS spectra were acquired using a LabRAM Aramis (HORIBA 227 
Jobin-Yvon) confocal micro-Raman system equipped with a 600 g/mm grating. 228 
Excitation was provided by a He-Ne 632.8 nm laser with 70 W power. A 50 229 
objective (Olympus) with a numerical aperture of 0.55 and a working distance of 8 230 
mm was used to focus the laser beam and collect the Raman signal. To improve the 231 
uniformity of SERS signal and minimize possible laser-induced sample damage, 232 
DuoScan in the micro-mapping mode with a scanning area of 3030 m was used, 233 
based on the combination of two mirrors scanning rapidly the laser beam across the 234 
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chosen area. Generally, a total of ten SERS spectra were acquired from different 235 
randomly chosen areas on each biofouled membrane. 236 
2.5.3 SERS spectral analysis 237 
SERS spectra were pre-processed via baseline correction using LabSpec5 software 238 
(HORIBA Jobin-Yvon) and wavelet de-noising. Wavelet de-noising, calculation of the 239 
means of spectra with standard deviation, and principal component analysis-linear 240 
discriminant analysis (PCA-LDA) were performed using the IrootLab toolbox 241 
(http://trevisanj.github.io/irootlab/) running on MATLAB 2012a (Martin et al., 2010). 242 
PCA-LDA is a combined multivariate analysis technique and was applied to the 243 
pre-processed spectra. PCA was used to reduce the spectral variables to about 10-20 244 
factors accounting for >99% of total variance. Subsequent application of LDA, which 245 
takes PCA factors as input variables can maximize between-class variance over 246 
within-class variance (Martin et al., 2007). Resulting PCA-LDA 2D scores plots 247 
reveal the segregation between classes with their similarity or difference being 248 
identified on the basis of the distance between clusters (Martin et al., 2010). To 249 
visualize the spectral variation within one class (ten individual spectra from one 250 
biofouled membrane) or between classes (different biofouled membranes), the class of 251 
spectra were moved vertically and depicted by visualizing the mean spectra 252 
surrounded by the standard deviation per wavenumber in the form of coronas. 253 
2.6 SEM Analysis 254 
The morphology of biofouled NF membranes before and after cleaning was 255 
characterized using a scanning electron microscopy (SEM, Hitachi S-4800, Japan). 256 
The samples were initially fixed with 2.5% glutaraldehyde in 0.1 M phosphate 257 
buffered saline for 5 h, followed by critical point drying overnight (Auto-Samdri 815 258 
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Automatic Critical Point Dryer; Tousimis, Rockville, MD, USA) and gold sputter 259 
coating. 260 
3. Results and discussion 261 
3.1 Biofouling process and permeate flux decline 262 
Synthetic wastewater effluent inoculated with B. diminuta was used to induce 263 
biofouling on NF membranes. Fig. 2 illustrates the average permeate flux of five 264 
cascade-connected biofouling experiments terminated at 4, 10, 14, 26 or 48 h 265 
respectively. The almost identical pattern of permeate flux decline observed in five 266 
cells indicates the reproducibility of the biofouling process (Fig. S1). A slight decline 267 
in flux was observed in the first 8 h, probably due to both the concentration 268 
polarization of feed solution and deposition of bacteria. Subsequently, a dramatic 269 
decline in permeate flux occurred from 8 h to 26 h with the flux decreasing from 85% 270 
to 35% of initial levels. Rapid bacterial proliferation and biofilm growth in this stage 271 
accounted for this decline, as noted by SEM (Fig. 3). After 26 h, the flux continued to 272 
decline, but at a much slower rate, until it reached 27% of initial levels at 48 h. 273 
Similar declines in flux were observed by Herzberg (2007) wherein a different 274 
bacterium (P. aeruginosa) was exploited to induce biofouling on reverse osmosis 275 
membranes in a bench-scale crossflow filtration unit. 276 
Biofouling was terminated at five time points representative of different stages of 277 
flux decline, i.e., 4 h (slow decline), 10 h (start of rapid decline), 14 h (middle of rapid 278 
decline), 26 h (end of rapid decline) and 48 h (slow decline). SEM images (Fig. 3) of 279 
surface and cross-sectional views of the five biofouled membranes clearly show 280 
biofilm development. Only a sub-monolayer of bacteria was observed on NF 281 
membranes at 4 h. Following prolonged filtration time from 10 h to 26 h, biofilm 282 
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thickness significantly increased, consistent with the most marked flux decline in this 283 
stage. From 26 h to 48 h, thickness increases slowed down, consistent with the slow 284 
flux decline, indicating a tailing off of bacterial-cell proliferation likely caused by 285 
nutrient depletion (Herzberg and Elimelech, 2007). Meanwhile, gaps between 286 
deposited cells as evident in SEM images (surface views) decreased and eventually 287 
vanished, indicating EPS production external to biofilm cells induced them to clump 288 
together. EPS secretion was most obvious at 48 h, when cells were almost completely 289 
embedded inside this matrix. EPS and deposited cells mainly account for flux decline 290 
by inducing hydraulic resistance to permeate flow and elevated trans-membrane 291 
osmotic pressure (Herzberg and Elimelech, 2007, Herzberg et al., 2009). The slower 292 
increase in biofilm thickness from 26 h to 48 h, accompanied with elevated EPS 293 
secretion at 48 h, may indicate a transition of biofilm from maturation to aged stage. 294 
3.2 Chemical composition of biofouling during process of formation 295 
Despite the changing course in the flux decline curve and altering biofilm morphology 296 
during biofouling development, variations in chemical composition remain obscure, 297 
necessitating investigation in order to optimize cleaning reagents and protocols. 298 
Therefore, SERS measurements were performed on biofouled NF membranes 299 
terminated at the same time as flux monitoring and SEM imaging. Au NPs were 300 
dropped on biofouled membranes to provide spectral enhancement. Corresponding 301 
SEM images (Fig. 4) indicate that Au NPs completely cover the biofilm with no 302 
visible biofilm cells. Additionally, multiple Raman bands arising from NF90 303 
membrane material vanished after Au NP coating (Fig. S2), negating membrane 304 
interference. SERS spectra of biofouling are shown in Fig. 5. The narrow corona 305 
demonstrates that the spectral variation possibly caused by the heterogeneity of both 306 
biofilm and SERS enhancement, was overcome by the combined use of a thick Au 307 
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NPs layer and large-area DuoScan mode. 308 
SERS of biofouling generated a large number of peaks, indicating a rich chemical 309 
diversity (Fig. 5). Additionally, obvious time-related differences in spectral features 310 
indicate a changing chemical signature at different development stages. PCA-LDA 311 
was applied to highlight differences in SERS features between biofouled membranes. 312 
Each SERS spectrum was plotted as a point in a 2D PCA-LDA scores plot (Fig. 5b), 313 
where the segregation distance of each point and cluster was proportional to spectral 314 
dissimilarity. Clusters representative of biofouling in exponential phase (10, 14 and 26 315 
h) were more closely aligned, but distinct from lag (4 h) and aged stages (48 h). 316 
Therefore, SERS features were consistent in recognizing different development stages 317 
of biofouling with the flux decline curve and biofilm morphology. 318 
In comparison, SERS intensity did not markedly change despite the significant 319 
increases in biofilm thickness (Fig. 5a), probably due to the short-distance 320 
enhancement effect of SERS that only allows molecules adsorbed on or in the very 321 
close proximity to Au NPs to be enhanced. Therefore, SERS only reveals the 322 
chemical composition of the biofouling surface layer. This makes SERS an 323 
appropriate tool for guiding the cleaning of biofouled membranes since only the 324 
surface layer of biofouling is directly exposed to cleaning reagents. To understand the 325 
chemical origins for the observed alterations of spectral features, SERS band 326 
assignment needs to be clarified, which remains a big challenge due to the lack of a 327 
comprehensive database of SERS spectra for bacteria or biofilm (Ivleva et al., 2010). 328 
This study obtained SERS spectra of various molecules representing typical EPS 329 
compositions using Au NPs, namely DNA, protein, polysaccharide and lipid (Fig. S3). 330 
Among them, nucleotides and DNA bases represent genomic material; BSA, 331 
oligopeptides and phenylalanine represent protein; lipopolysaccharide and 332 
15 
 
peptidoglycan are typical components of bacterial cell membranes and contain 333 
information regarding polysaccharide, protein and lipid; sodium alginate represents 334 
polysaccharides; and, lipid was extracted from B. diminuta. Referring to SERS spectra 335 
of reference molecules and published data, tentative band assignments are given in 336 
Table 1, together with Raman intensity changes, i.e., increasing (red arrows) and 337 
decreasing (blue arrows), during biofouling and cleaning processes.  338 
Polysaccharides play an important role in bacterial adhesion and retention of 339 
water/nutrients (Flemming and Wingender, 2010). Referring to SERS spectra of 340 
various polysaccharides including cellulose, dextran, xanthan, gellan and alginic acid, 341 
SERS band at 494 cm
-1
 can be found in dextran (Ivleva et al., 2010), as well as 342 
lipopolysaccharide and peptidoglycan (Fig. S3). The 550 cm
-1
 band can be observed 343 
in dextran. The 1095 and 1126 cm
-1
 bands appear in dextran and cellulose. During 344 
biofouling processes, the most obvious changes in polysaccharides were the 494 and 345 
550 cm
-1
 bands, which clearly showed up at 48 h. In comparison, 1095 and 1126 cm
-1
 346 
bands showed small increases at 26 and 48 h. Chao et al. (2012) pointed to increases 347 
in polysaccharides from initial bacterial adhesion to mature biofilm, confirming their 348 
role in biofilm infrastructure. 349 
DNA, including extracellular DNA (eDNA) and their metabolites, are important 350 
for enhancing bacterial adhesion (Andrews et al., 2010) and exchanging genetic 351 
information (Flemming and Wingender, 2010). Bands at 737, 1325 cm
-1
 and 660, 352 
1587 cm
-1 
were assigned to adenosine and guanosine-related molecules, respectively, 353 
(Fig. S3) (Cui et al., 2013, Cui et al., 2015, Ivleva et al., 2010, Kneipp et al., 2002). 354 
Significant increases of all these DNA-related bands were observed at 26 and 48 h, 355 
suggesting increases of DNA with larger amounts of EPS secreted in mature and aged 356 
biofilm. The results are consistent with previous findings of a higher DNA content in 357 
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the mature biofilm (Chao and Zhang, 2012). Andrews et al. (2007) also observed a 358 
higher Raman intensity of DNA in biofilm cells than planktonic cells. 359 
Proteins play unique functions in biofilm development. Various extracellular 360 
enzymes are involved in digesting biopolymers to provide carbon and energy sources 361 
for biofilm development. Non-enzymatic structural proteins constitute a link between 362 
the bacterial surface and EPS to promote matrix stabilization (Flemming and 363 
Wingender, 2010). Protein bands in biofouling development processes displayed some 364 
changes, with the 1000 cm
-1
 (Phenylalanine) and 1445 cm
-1 
(CH2 deformation of 365 
Protein) (Xu et al., 2014) bands decreasing with time, while 1700 cm
-1
 (Amide I) and 366 
1243 cm
-1
 (Amide III) (Huang et al., 2009b) bands increasing, especially at 26 and 48 367 
h. Different proteins may be required for biofouling development at different stages. 368 
Lipids also exist in EPS matrix and can alter bacterial surface properties in 369 
response to varying environmental conditions (Andrews et al., 2010, Ortiz et al., 2009, 370 
Pirog et al., 2004). A lipid band (Maquelin et al., 2002) was observed at 1465 cm
-1
 371 
after 10 h biofouling, and kept increasing especially from 26 h to 48 h. The 372 
remarkably higher SERS intensity of lipid at 48 h indicates an increasing content in 373 
biofilm with EPS secretion than earlier stages, similar to the biofilms formed by 374 
gram-negative bacteria (Chao and Zhang, 2012). 375 
A carotenoids band at 1533 cm
-1
 (Rosch et al., 2005) was only evident at 4 h but 376 
absent subsequently. Andrews et al. (2010) observed carotenoids in planktonic 377 
bacteria (Rhodococcus and Sphingomonsa), but not in their biofilms, indicating that 378 
biosynthesis of carotenoids is related to growth conditions and terminates when 379 
biofilm is formed. Additionally, 1533 cm
-1
 (carotenoids) and 1445 cm
-1
 (protein) were 380 
the two bands exclusively present at 4 h (initial bacterial attachment) but absent 381 
subsequently. Considering the short-distance enhancement effect of SERS, the only 382 
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explanation for the two missing bands is the lack of interaction of carotenoids and 383 
protein with Au NPs by the latterly-formed biofouling layer. This further confirms the 384 
ability of SERS to reveal surface composition. 385 
3.3 Chemical composition of biofouling during cleaning process 386 
Cleaning was performed on two levels of biofouling after 18 and 48 h development 387 
(F-18 and F-48) in order to investigate chemical composition variation during 388 
cleaning and factors affecting this process. 389 
3.3.1 Cleaning after 18 h biofouling 390 
Cleaning efficiency was evaluated by calculating water flux recovery ratio (i.e., the 391 
water flux post-cleaning to that of the originally clean membrane), which increased 392 
with cleaning time and recovered to 91.2% after 3 h cleaning (F-18/C-3) (Fig. 6). 393 
Corresponding SEM images (Fig. 7a) also show an obvious decline in the biofouling 394 
thickness with only a sub-monolayer of bacteria remaining on the membrane surface 395 
after F-18/C-3. 396 
SERS spectra before and after cleaning are shown in Fig. 8a. Clearly separated 397 
clusters in the derived PCA-LDA 2-D scores plot (Fig. 8b) indicate the highly variable 398 
spectral features with cleaning. Interestingly, intensities of SERS bands (Table 1) 399 
display opposing changes following cleaning versus biofouling. Bands at 1095/1126 400 
(polysaccharide), 660 (G), 737 (A), 1325 (A, G), 1700 (protein) and 1465 cm
-1
 (lipid) 401 
increased with biofouling, but decreased following cleaning. The phenylalanine band 402 
(1000 cm
-1
) decreased with biofouling, but increased following cleaning. Moreover, 403 
the bands at 1533 cm
-1
 (carotenoids) and 1445 cm
-1
 (protein) that only appeared at F-4, 404 
showed up again after 0.5 and 1 h cleaning (F-18/C-0.5 and F-18/C-1), further 405 
confirming it is the coverage by the latterly-formed fouling layer suggesting their 406 
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absence. Such opposing band changes clearly demonstrate the applicability and 407 
feasibility of SERS as a layer-by-layer interrogating tool. It is therefore suitable to 408 
distinguish the roles and location of different EPS components in the biofilm during 409 
biofouling and cleaning processes. 410 
3.3.2 Cleaning after 48 h biofouling 411 
On more severe 48-h biofouled membranes with aged biofilm, water flux was 412 
gradually recovered and reached 90.5% after 4 h cleaning (F-48/C-4; Fig. 6). The 413 
thickness of biofoulant in 48-h biofouled membrane (Fig. 7b) declined more rapidly 414 
than 18-h biofouled membrane (Fig. 7a), with most biofoulant being removed within 415 
the first 0.5 h and 1 h (F-48/C-0.5 and F-48/C-1). Accordingly, water flux recovery 416 
was also slightly improved (Fig. 6). Easier removal of sessile cells is associated with 417 
structural changes within severe 48-h biofouling. After 4-h cleaning, few bacteria 418 
were observed on the membrane surface, but water flux recovery could not achieve 419 
100%. The persistence of residual biofilm substances on NF membrane surfaces after 420 
chemical cleaning would account for permanent permeability loss. 421 
To demonstrate the changes occurred within 48-h biofouling, SERS spectra were 422 
acquired pre- and post-cleaning (Fig. 8c). Separated PCA-LDA clusters clearly 423 
illustrate the spectral alterations during cleaning (Fig. 8d). Most bands (Table 1) still 424 
display opposing intensity changes between biofouling and cleaning processes, 425 
similar to 18-h biofouling. Nevertheless, polysaccharide band at 494 cm
-1
 that appear 426 
in 48-h biofouling still persist on membranes after 0.5 h and 1 h cleaning, but are 427 
absent during cleaning of 18-h biofouled membrane. This suggests that a specific 428 
polysaccharide is exclusively formed after severe 48-h biofouling both on the surface 429 
and within the internal structure. Since the degradation of EPS by extracellular 430 
enzymes can promote detachment of bacteria from biofilms (Flemming and 431 
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Wingender, 2010, Park et al., 2012), the reformation of biofilm infrastructure 432 
accompanied with biochemical changes might explain the easier detachment of 433 
biofouling layer in cleaning severe 48-h biofouled membrane. In industrial cleaning 434 
processes, it was also found that sessile bacteria were removed from NF membranes 435 
but exopolysaccharides in a superficial layer of biofouling deposit were only partially 436 
eliminated (Di Martino et al., 2007). Therefore, our work provides deeper insights on 437 
how biofouling development and biochemical changes affect cleaning process. 438 
3.4 Relationship between biofouling compositions and cleaning efficiency 439 
To explore cleaning efficiency against different biofouling compositions and improve 440 
the procedure, relative intensities of SERS bands characteristic of DNA, lipid, 441 
polysaccharide and protein were calculated and compared during both processes at a 442 
closes normalized water flux. SERS bands employed were: 737 cm
-1 
(DNA), 1465 443 
cm
-1
 (lipid), 494 cm
-1
 (polysaccharide) and 1000 cm
-1 
(protein). Relative intensities 444 
were calculated by dividing the integrated intensity of DNA, lipid and polysaccharide 445 
by that of protein. Normalized water flux in F-10, F-18/C-0.5 and F-48/C-0.5 (74.7%, 446 
76.4% and 77.1%, respectively) was similar and approximately 76%, representing 447 
exponential biofouling development or insufficient cleaning. Meanwhile, the water 448 
flux in F-4, F-18/C-3 and F-48/C-4 (92.1%, 91.3% and 90.5%, respectively) was 449 
similar and approximately 91%, representing the initial bacterial attachment or the 450 
nearly sufficient cleaning. 451 
In the 76% flux group, the relative intensity of polysaccharide in F-48/C-0.5 was 452 
the highest (Fig. 9), but that of lipid and DNA decreased post-cleaning in comparison 453 
with F-10, with greater decreases in lipid than DNA, especially in F-48/C-0.5. These 454 
results suggest that surfactant SDS is more efficient against lipid than DNA or 455 
polysaccharide. For the 91% flux group, the relative content of polysaccharides was 456 
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much lower, indicating their eventual removal after cleaning. The lipid formed after 457 
F-4 vanished post-cleaning, confirming again the good cleaning efficiency of SDS. 458 
The DNA content showed a relatively small decrease after cleaning, similar to 76% 459 
flux group, indicating a possibly moderate cleaning efficiency of SDS. Additionally, 460 
all of the relative contents in the 91% flux group were lower than those in the 76% 461 
flux group. This is due to the higher band intensity of protein in 91% flux recovery 462 
group despite of biofouling or cleaning process. Houari et al. (2010) also revealed a 463 
fouling substance-dependent cleaning efficiency in a NF membrane plant for drinking 464 
water production by applying commercial cleaning reagents, including alkaline, acids, 465 
metal chelating agents, surfactants and enzymes, which were more efficient against 466 
protein than polysaccharide. Alongside our work, this supports the idea of applying 467 
appropriate cleaning solutions to biofouling with different chemical compositions. 468 
The residual substances on NF membranes that contributed to the permanent 469 
permeability loss were also investigated based on the spectra with a flux recovery 470 
ratio of more than 90% after chemical cleaning, i.e., F-18/C-3 and F-48/C-4 (Fig. 8a, 471 
8c). The dominant SERS bands observed were at 737 cm
-1
 (A of DNA), 1325 cm
-1
 (A, 472 
G of DNA), 1000 cm
-1
 (phenylalanine, protein), and 1630 cm
-1 
(Amide I, protein), 473 
were mainly from DNA and protein-related substances. 474 
4. Conclusion 475 
This work introduced SERS as a layer-by-layer interrogation tool to investigate the 476 
chemical variations of NF membrane biofouling during both formation and cleaning. 477 
The chemical compositions of biofouling, consisting of DNA, protein, lipid and 478 
polysaccharides, varied markedly and were associated with different biofouling stages 479 
induced by bacterial attachment, rapid growth, mature and aged biofilm. The 480 
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opposing changes of SERS bands during biofouling and cleaning processes indicate a 481 
layer-by-layer cleaning mode after short-term biofouling. In severe biofouling, i.e., 48 482 
h herein, biochemical changes were shown to occur on and within the biofilm, based 483 
on the exclusive appearance of polysaccharide band in SERS spectra. The easier 484 
detachment of 48-h biofouling indicated an alteration of biofilm infrastructure 485 
accompanying biochemical changes. Biofouling composition-dependent cleaning 486 
efficiency was evaluated with surfactant SDS acting most efficiently against lipid. 487 
Residual substances on NF membranes contributing to permanent permeability loss 488 
were identified as protein and DNA. 489 
For the first time with the SERS layer-by-layer interrogation, some precise 490 
information on chemical variation, biochemical changes and cleaning efficiency is 491 
revealed. This work opens up the possibility of using SERS towards evaluating the 492 
efficiency of cleaning reagents and protocols. More practical attempts could involve 493 
applying SERS in industrial membrane processes and exploring the cleaning 494 
efficiency and mechanisms of different cleaning agents. 495 
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Figure captions 659 
Fig. 1  Schematic of laboratory-scale crossflow NF membrane filtration system. 660 
Fig. 2  Normalized flux decline curve upon induced biofouling with synthetic 661 
wastewater medium inoculated with B. diminuta in five cascade-connected biofouling 662 
experiments terminated at 4 h, 10 h, 14 h, 26 h, 48 h. Experimental conditions: initial 663 
permeate flux of pure water of 41 L/m
2
/h, crossflow velocity of 8 cm/s, initial cell 664 
concentration of 10
6
 CFU/mL, pressure of 0.5 MPa. 665 
Fig. 3  Surface and cross-sectional view of SEM images of NF membranes biofouled 666 
by synthetic wastewater inoculated with B. diminuta after filtration time in the 667 
images. 668 
Fig. 4  SEM images of Au NPs covered on biofouled membrane. 669 
Fig. 5  SERS spectra (a) and PCA-LDA scores plot (b) of biofouled membrane 670 
terminated at 4 h, 10 h, 14 h, 26 h and 48 h, respectively. Corona around the mean 671 
SERS spectra indicates standard deviation of numerous spectra acquired from one 672 
biofouled membrane. 673 
Fig. 6  Water flux recovery ratio of 18-h (F-18, blue) and 48-h (F-48, red) biofouled 674 
membrane cleaned by 0.025% SDS and NaOH (pH 12) for 0.5 h, 1 h, 3 h or 4 h. 675 
Cleaning was performed at 0 MPa (no permeation) and a crossflow velocity of 48 676 
cm/s. The ratio was calculated by dividing the water flux of NF membrane after 677 
cleaning by that before biofouling. 678 
Fig. 7  Surface and cross-sectional view of SEM images of 18-h (a) and 48-h 679 




Fig. 8  SERS spectra (a, c) and PCA-LDA scores plots (b, d) of 18 h (a, b) and 48 682 
h-biofouled (c, d) membranes pre- and post-cleaning for 0.5 h, 1 h, 3 h or 4 h. Corona 683 
around the SERS spectra indicate the standard deviation of numerous spectra acquired 684 
from one biofouled membrane. 685 
Fig. 9  Integrated Raman intensity ratio of Polysaccharide/Protein (494/1000), 686 
Lipid/Protein (1465/1000), DNA/Protein (737/1000) during biofouling and cleaning 687 
at two normalized water fluxes around 76% and 91%. 688 
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Table 1. Variations and assignments of SERS bands of membrane biofouling during 690 
formation and two cleaning processes (Andrews et al., 2010, Cui et al., 2013, Ivleva et 691 
al., 2010, Talari et al., 2014). Red or blue arrows represent increases or decreases in 692 







after 18 h 
biofouling 
Cleaning 





494  /  
Skeletal mode CC, CCC 
ring deformation  
550  /  
C-O glycosidic ring 
deformation  
1095    
C-C str, C-O-C 
glycosidic link  
1126    
C-C str, C-O-C 
glycosidic link 
DNA 
660    Ring breathing of G  
737    Ring breathing of A  
1325    Adenosine  
1587    
Ring stretching of 
Guanosine  
Protein 
1000    
Ring breathing of 
Phenylalanine  
1243    Amide III  
1700    Amide I  
1445    CH2 deformation 
Lipid 1465    CH2 deformation 
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